Abstract-Wall shear stress is the most prominent hemodynamic parameter associated with intracranial aneurysm rupture. Since low as well as high shear theories still coexist, the aim of this study was to investigate several shear related variables on datasets with multiple intracranial aneurysms.
I. INTRODUCTION
Intracranial aneurysms are vascular dilatations typically located in the Circle of Willis (CoW), which supplies blood to the brain and ensures an unhindered blood flow into all areas. They occur in approximately 1-7% of the western population [1] - [3] . Their incidence is difficult to estimate because various aneurysms remain undetected until first neurological symptoms set in. Rates of rupture are reported to be in a range between 8 -10 cases per 100,000 persons per year [4] - [6] depending on age, gender, origin and genetic conditions. Although these rates are relatively low the outcome can be lethal (45-75% [7] ) or connected to high O. Beuing is with the Department of Neuroradiology, University Hospital of Magdeburg, Germany (e-mail: Oliver.Beuing@med.ovgu.de).
M. Neugebauer is with the Department of Simulation and Graphics, University of Magdeburg, Germany (e-mail: mathias@isg.cs.uni-magdeburg.de). morbidity in case of missing medical care. Multiple cerebral aneurysms develop in 15% to 33% of affected persons, increasing the probability of a potential rupture [8] - [12] . In patients presenting with subarachnoid hemorrhage multiple aneurysms are even diagnosed in up to 45% of all cases [13] - [15] .
Cases with more than one aneurysm might be associated with a higher chance of detecting reasons for the rupture of cerebral dilatations. Within the last decades, several groups have been using computational methods in order to extract parameters explaining aneurysmal formation or predicting rupture probabilities [16] - [18] . However, those investigations mainly focus on single aneurysm models using various assumptions and leading to controversial discussions [19] . Typically, just the pathological area in combination with short distal and proximal branches is considered, which results in shorter simulation times but also in a stronger influence of the applied boundary conditions. In contrast, Alastruey et al. [20] modeled the CoW by simulating different scenarios of vessel occlusion. But due to a 1-D approach no hemodynamic flow patterns can be extracted to indicate the ignition of vascular malformations.
Since Castro et al. [21] observed a significant impact of the parent artery segmentation on intra-aneurysmal hemodynamics it is important to include as much geometric information as possible. Additionally, synthetic boundary conditions may lead to unrealistic blood flow predictions [22] . Therefore, Zuleger et al. [23] measured time-dependent velocity fields by means of 4D phase-contrast magnetic resonance angiography (PC-MRA) in order to carry out blood flow simulation in a whole model of a healthy CoW. Regions of typical aneurysm locations were examined in more detail to identify flow parameters that might be in correlation with a possible formation. High average wall shear stress gradients were detected in common aneurysm areas but no diseased case was considered as comparison.
Within the present study two patient-specific data sets are investigated containing two and three intracranial aneurysms, respectively. The complete affected anterior circulation was reconstructed in both cases, providing a wider computational domain. In order to achieve realistic inflow conditions 7-Tesla PC-MRI measurements were carried out and applied to the internal carotid arteries.
The purpose of this study is to contribute to the understanding of the hemodynamics in the diseased human CoW under realistic conditions. In addition, parameters that are associated with aneurysmal initiation, growth and rupture are analyzed as well as evaluated. The focus lies especially on the influence of shear on the endothelial layer whereby its role related to a rupture probability will be discussed in detail. In consequence, a better understanding of the biomechanical processes would support every attending practitioner.
II. METHODS AND MATERIALS

A. Vascular Models
In order to carry out the desired blood flow simulations it was necessary to generate suitable geometry models. Therefore, clinical image data were acquired by means of 3D rotational angiography providing the basis to obtain three-dimensional data of cerebral arteries. The segmentation of the aneurysm geometry was performed using a threshold followed by a connected component analysis. A Marching Cubes algorithm finally reconstructed the segmented mask data. A preprocessing on the resulting mesh allows for an artifact reduction with sub-voxel precision. This includes artifacts like vessel-blending, surface noise or narrow vessel segments [24] . They are caused by the partial-volume effect, unfavorable contrast agent distribution or physical effects during the CT-scan process. To achieve a high surface quality the segmentation results were transformed into discrete meshes and smoothed afterwards [25] . The resulting surface meshes represent the anterior circulations of the CoW. Fig. 1 presents the shapes of the investigated geometries from an anterior view. The inflow regions are positioned at the bottom and described by the internal carotid arteries (ICA). All investigated intracranial aneurysms are highlighted whereby case A contains one aneurysm at the ICA bifurcation and a second at the middle cerebral artery (MCA). Mean diameters are 6.5 mm and 3.9 mm, respectively. In case B two MCA aneurysms (2.8 mm, 2.6 mm) and one at the anterior communicating artery (AcomA -5.3 mm) were diagnosed.
Before the final hemodynamic simulations were performed, the computational domain was discretized. This resulted in four unstructured volume meshes per case consisting of tetrahedral cells. The commercial software ANSYS ICEM-CFD® 14.0 (Ansys Inc., Canonsburg, PA, USA) was used for the spatial discretization. A Delaunay method created the tetrahedral elements with a maximum size ranging from 0.24 to 0.05 mm. In areas of strong changes in geometric direction, especially in regions of high curvature and close to the aneurysm sacs, local refinements of the meshes were carried out. Therefore, flow patterns are better resolved in these zones. Additionally, three boundary layers of prismatic elements were inserted to ensure a finer wall resolution and resolve the high velocity gradients close to the endothelial layer. Their initial height ranges from 32 to 13 μm and a growth ratio of 1.3 was defined. The number of elements varies between 450.000 and 10.1 million. To identify the influence of the mesh density several parameters were analyzed within a mesh independency study [26] . The resulting meshes, which were finally used, consist of 3.42 million elements in case A and 4.8 million in case B.
B. Hemodynamic Simulation
Based on the chosen meshes the unsteady hemodynamic simulation was carried out using the finite volume solver ANSYS Fluent® 14.0 (Ansys Inc., Canonsburg, PA, USA). Here, the integral formulations of the governing Navier-Stokes equations for continuity and momentum conservation are solved. Blood as a suspension of plasma and cellular components is treated as an isothermal, incompressible (ρ = 1055 kg/m³ ) and Newtonian fluid with a constant dynamic viscosity η = 4.265 • 10 -3 Pa•s [21] . Although the viscosity of blood can show a strong shear dependency, a comparison with the typically used Carreau-Yasuda model showed no significant difference in the velocity profiles for the present range of vessel diameters [27] .
In contrast to analytically described inflow conditions (e.g., parabolic or Womersley profiles), which are generally based on numerous assumptions like flow in a cylindrical straight pipe, flow rates extracted from a 7-Tesla PC-MRI measurement of a healthy volunteer were implemented. This was carried out for the left as well as the right internal carotid artery and is presented for one cardiac cycle in Fig. 2 . The time-dependent values were extracted from the raw image data using EnSight 9.2 (CEI Inc., Apex, NC, USA) and a post-processing tool developed by Stalder et al. [28] . The vessel walls are assumed to be rigid and no-slip boundary conditions are implemented. In contrast to significant vessel wall motions in the aortic arch, the radial dilatation of arteries in the CoW does not increase 5% of the diameter [29] . Additionally, aneurysm initiation is caused, inter alia, by elastin degradation in the media and adventitia vessel layer [30] . This leads to a decrease of flexibility and therefore, the assumption of non-flexible walls appears to be valid for this numerical investigation. For all outlets an outflow boundary condition is defined which weights the mass flow rates depending on each surface area. This method was chosen due to the lack of knowledge regarding the pressure variation in the different vessel branches.
In order to calculate the existing velocity fields within the domain, a pressure-implicit algorithm (PISO) was used for the unsteady simulations. Two steps of pressure correction were carried out within each loop. A constant time step size was chosen as 10 -4 s according to the stability condition (Courant number < 1), which was estimated in advance. The gradients of the momentum equation are calculated using a least squares cell-based scheme. Laplacian as well as the convection terms are discretized by second order upwind schemes. Regarding the time discretization a second-order implicit scheme is applied.
Convergence was obtained when the scaled residuals of pressure and momentum decreased below a value of 10 -5 within each time step. Due to the high number of elements the computational domain has been decomposed in advance in order to simulate in parallel. All simulations were carried out on 8 CPUs of the in-house cluster Ká rmá n consisting of 544 computing cores (AMD Quad Core 2.1 GHz) and an InfiniBand network. 
C. Analysis and Visualization
In the scope of this study most widely used indicators in hemodynamic post-processing like the maximum magnitude of the velocity vectors or highest wall shear stresses have been evaluated. In order to decrease numerical errors and achieve periodicity, only the third cardiac cycle is analyzed, discarding the first two cycles as initialization. A streamline-visualization at peak systole gives a first impression regarding the flow structure (see Fig. 3 ). To investigate unsteady effects appearing within one heartbeat, the parameters defined in Equations (1) to (3) are analyzed [31] . The time-averaged wall shear stresses (AWSS) as well as corresponding gradients (AWSSG) provide information regarding stressed regions on the arterial surface and may supply hints with respect to the rupture probability [23] . In addition, the oscillatory shear index (OSI) describes the directional change of the shear stresses for one cardiac cycle. The values of the resulting scalar field can range between 0 and 0.5 whereby higher values indicate increased fluctuation.
III. RESULTS
The obtained results for the five aneurysms are shown in Fig. 3 . The two aneurysms of case A are presented in the first two columns, the three aneurysms of case B in the remaining three. The ICA aneurysm of the first case as well as the AcomA aneurysm of the second are characterized as ruptured and displayed in column 1 and 3, respectively. The visualization of the peak systolic streamlines demonstrates the formation of complex flow patterns within each aneurysm sack. In general, the development of at least one vortex can be detected due to the geometric conditions. This leads to a helical flow structure where the blood reenters into the parental artery through the ostium (surface area where the healthy vessel originally existed). This observation confirms the experience from several previous patient-specific vascular simulations whereby no difference between ruptured and unruptured cases can be recognized in the frame of this study.
However, considering the shear stresses, which are known to influence the endothelial cells of the inner vessel layer, significant differences are visible. With regard to the chosen legend scaling the ICA aneurysm of case A shows values which are generally lower than those of the surrounding arteries. In contrast to this situation, the unruptured aneurysm of the same case exhibits shear stresses which are equal or even higher than in healthy areas. The AcomA aneurysm of case B is a mixture of the first two showing the existence of decreased as well as increased shear areas. In the latter two cases low values are prominent in the dome region whereby the shear stress elevates with increasing proximity to the vessel. However, all five aneurysms have in common that the highest shear values occur distal and proximal of the dilatations. This is assumed to be caused by the interruption of the proper hemodynamic flow by the geometric remodeling. Due to the previously described findings, no clear correlation between the order of wall shear stress and the event of a rupture can be established. Therefore, neither the low nor the high shear theory can be supported or refuted with this analysis.
Concerning the wall shear stress gradients, it can be seen for all vessel dilatations that elevated values mainly occur close the aneurysmal neck regions. This can be indeed a dangerous area but the ruptures of both cases are rather observed at areas close to the dome.
Taking additionally into account the directional change of the wall shear stress for one cardiac cycle, several interesting observations can be drawn. For most parts of the healthy vascular system OSI does not exceed a value of 0.15. Elevated spots mainly occur on the aneurysmal sacks indicating that shear fluctuation is directly caused by the diseased vessel regions. The ruptured aneurysm of each case possesses areas of high OSI whereas two unruptured MCA aneurysms show nearly no oscillation. However, on one site of the third dilation, which did not rupture, increased OSI values appear as well. Therefore, a direct correlation between oscillating shear and the event of a rupture does not appear to hold in general.
IV. DISCUSSION
The reported results reveal that due to remodeled cerebral vessel walls followed by the development of an aneurysmal dilatation disturbed flow features occur. Compared to a healthy vascular system such a flow behavior differs in a way that abnormal shear values may appear and influence the sensitive endothelial layer. Consequently, it can promote the degradation of affected wall areas. This process may hold until the media layer, responsible for the strength of the vessel, can no longer resist. In consequence, the weakened vessel rips letting the blood flow into the subarachnoid space.
Within this study it was neither possible to associate high shear stresses to the event of a rupture nor low values to the unruptured cases. The opposite does not hold either. This leads to the presumption that the hemodynamic parameter AWSS is not or at least not the only reason for a rupture. Hence, neither the low shear theory [18] , nor those claiming high shear is responsible for rupture [5] can be confirmed.
Considering the directional changes of the shear vector for one cardiac cycle, one can see increased values of OSI in both ruptured aneurysms. However, the analysis also showed higher values of OSI on the side of one unruptured case. Again, no one-to-one correlation between OSI and rupture is possible in this study. Nevertheless, the latter aneurysm, classified as unruptured, may have been the next candidate for an imminent rupture.
It is important to point out that the number of investigated cases is small at this moment, still preventing general statements regarding the role of shear related to intracranial aneurysm rupture. Additional aneurysm datasets need to be simulated and quantitatively evaluated. However, all five aneurysms considered in this study were patient-specific and simulated in large, connected computational domains. Although this is computationally more expensive, it is a more realistic approach in comparison to studies where only the affected area is investigated.
V. CONCLUSION AND OUTLOOK
The investigation of these two diseased intracranial vascular systems indicates that, although low as well as high shear regions are found, an aneurysmal rupture cannot be explained exclusively by this single hemodynamic parameter. Neither temporal-averaged wall shear stresses, nor their gradients show significant differences in ruptured or unruptured cases. Only the oscillatory shear index was elevated in both ruptured cases, but one unruptured aneurysm showed increased values as well.
Since the number of investigated cases is still small, further studies containing multiple aneurysms need to be carried out in order to consolidate the described results. In this context quantitative evaluations are necessary to find further correlations between hemodynamic parameters and the life-threatening event of a cerebral aneurysm rupture.
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